Hydrogen bonds play an important role in an overwhelming variety of fields from biology to surface and supramolecular chemistry. The term "hydrogen bond" refers to a wide range of interactions with various covalent and polar contributions. In particular, hydrogen bonds have an important role in the folding and packing of peptides and nucleic acids. Recent studies also point to the importance of hydrogen bonding in the context of second-shell interactions, in metal binding and selectivity in metalloproteins, and in controlling the dynamics of membrane proteins. In this study, we demonstrate and quantify the modulation of fragmental charge transfer from hydrogen-bonded ligands to a metal center, by employing our recently introduced molecular potentiometer. The molecular details that affect this type of fragmental charge transfer are presented and a path for transferring chemical information is demonstrated. We found that H-bond interactions in the extended positions of axial ligands provide an effective means of modulating the amount of fragmental charge transfer to a metal center, thereby dramatically influencing the electronic properties of the ligand, the binding affinity, and the binding of additional ligands. The magnitude of fragmental charge-transfer modulation induced by a single ligand-solvent H-bond interaction is comparable to those induced by covalent substitution, although H-bond enthalpy is only on the order of several kilojoules per mole. Importantly, we find a significant change in the ligand electronic properties, even for weak C-H‚‚‚OdC H-bond formation, where the bond enthalpy is substantially lower than for conventional H-bond interactions. The excess fragmental charge transferred to the metal center, deduced from the spectroscopic measurements, correlates well with the computationally determined values. Our findings underscore the importance of second-shell interactions in the active sites of enzymes, beyond the structural and electrostatic importance that is widely recognized today.
Introduction
Hydrogen bonds (H-bonds) are among the most diverse interactions encountered in and between molecules in the solid, liquid, and gas phases. Although the interaction energy is typically on the order of 12-30 kJ/mol for classical H-bonds, the impact of such interactions on the chemical and biophysical behavior of many systems is cardinal. Often, the accumulation of a few moderate, or even weak H-bond interactions can collectively affect the chemical reactivity and properties dramatically. 1 There is an overwhelming number of publications aimed at understanding various aspects and roles of H-bonding in biological as well as synthetic systems. Accordingly, studies involving H-bond interactions span many fields and approaches. For example, in some studies, phenomenological statistical analyses of structures are performed to obtain structural parameters and classes of H-bonds. Other studies focus on the biophysical activity of enzymes while studying specific mechanistic functions of a particular H-bond found in the active site or with single solvent molecules. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Although such studies have greatly advanced the understanding of the H-bond phenomena and the role H-bonding plays in affecting the kinetics and thermodynamics of proteins, experimental limitations still obscure the direct elucidation of the electronic details of such interactions for nonordered phases at the molecular level. Difficulties emerge from both the intrinsic properties of such interactions and the fact that the associated energy may be only a few kilojoules per mole. Thus, the natural complexity found in systems with H-bond interactions, combined with the lack of an experimental observable for measuring the results of such bonding at the electronic level, limits the quantitative study and understanding of mechanistic details. Some of the valuable experimental approaches currently used for measuring the electronic perturbation related to H-bonding include X-ray electron density deformation maps, IR frequency shifts used to deduce H-bond enthalpy and charge transfer, and NMR chemical shifts. [13] [14] [15] [16] Among other important functions, H-bonding has been shown to directly affect the properties and reactivity of redox centers in both biological and nonbiological catalysis. [17] [18] [19] [20] [21] [22] [23] [24] It has been suggested that the underlying mechanisms in many H-bond-mediated reactions involve modification of the redox center's electronic density. Hence, quantification of the electronic changes induced by H-bond formation with direct observation of the fragmental charge transfer involving ligands and metal redox centers should both improve our understanding of reaction mechanisms and progress the design of new catalysts. We have recently introduced and developed the "molecular potentiometer", a molecular probe that enables measurement of fragmental charge transfer between ligands and transition metals. 25 , 26 Here, we expand this methodology to obtain a direct experimental estimate of the electronic effects induced at the metal center following the formation of coordinated ligand molecules that can form additional H-bond interactions with the solvent molecules.
Measurement of Fragmental Charge Transfer Utilizing the Molecular Potentiometer
A. General Procedure. The molecular potentiometer can be visualized as having two components. One component is the electronic π system of the bacteriochlorophyll (BChl), or a modified BChl derivative. The chromophore frontier molecular orbitals (FMOs) are mainly delocalized over the macrocycle. The second component is a metal atom, chelated at the central core of the macrocycle by σ bonding to the four nitrogen atoms and functioning as an exchangeable "probe". To a first-order approximation, the two components are independent of each other, except for electrostatic effects. 27, 28 Alterations in the effective charge as well as in the effective covalent radius of the metal modify the FMOs' energies and the measured transition energies of the π system. These observations provide a quantitative means for measuring fragmental charge transfer between the metal and various axial ligands. 29 We have previously shown, experimentally and computationally, that fragmental charge flow between [Ni]-BChl and various axial ligands can be deduced from the Q x band shift (∆EQ x ) as a single experimental observable. 25, 26 This is because the increase in core size is essentially constant when comparing the nonligated low-spin [Ni]-BChl and the various high-spin (S ) 1) [Ni]-BChl‚(m) n complexes (where n ) 1,2 and m is a ligand molecule). 25 This experimental gauge offers exceptional sensitivity and accuracy with small experimental error limits ((0.005 e -), independently verified by comparison with ab initio results. 26 Here, we present a generalization of the experimental system, showing accurate measurement of fragmental charge transfer to a metal center induced by additional interactions with the environment, beyond the previously studied metal-ligand binding. The generalized approach for measurement of fragmental charge transfer between a metal center and coordinating ligands (m) capable of forming additional interactions with solvent molecules (s) to form (m‚‚s) complexes involves the following steps:
(I) Refinement of the spectroscopic probe to achieve higher chemical stability and better resolved spectroscopic data.
(II) Validation of the spectral linear response (∆EQ x in energy units) of the refined spectroscopic probe to fragmental charge transfer between the metal and coordinating ligands by comparison of ∆EQ x values to those of the [Ni]-BChl derivative.
(III) Calibration of the spectroscopic response to charge units by comparing spectroscopic and computationally derived fragmental charge-transfer values for a calibration set of complexes where no specific ligand-solvent interaction is present.
(IV) Measurement of the spectroscopic response to binding of ligand molecules that incorporate functional groups capable of forming additional ligand-solvent interactions with their surroundings, such as H-bond, halogen bonding, or other chemical interactions.
(V) Derivation of the residual fragmental charge-transfer quantities (∆Q residual ) transferred to the metal center because of the specific ligand-solvent interactions studied (e.g. H-bond, in the present study) B. Application to H-Bond-Induced Fragmental Charge Transfer. (I) Following the above general procedure, the [Ni]-PyroBPheid-Me derivative was selected as the spectroscopic probe (Scheme 1). We used this derivative because it is significantly easier to prepare and handle compared to the previously studied [Ni]-BChl derivative. 30 In particular, replacement of the BChl carbomethoxy side-group by a proton provides chemical stability and spectroscopic homogeneity by preventing spontaneous epimerization and allomerization, typical for the BChl derivative at this site. 31, 32 As a result, the spectroscopic transitions for the pyrolyzed macrocycle are narrower, providing superior spectroscopic response. The improved accuracy has enabled measurements of small fragmental charge-transfers with a sensitivity of (0.003 e -. Additionally, compatibility with a wide range of solvents is made possible.
(II) The spectroscopic response of the [Ni]-PyroBPheidMe derivative to axial ligand binding was compared with that of the [Ni]-BChl in order to verify that the linear response 26 to fragmental charge transfer is preserved.
(III) Calibration for the solvent systems studied was performed in two steps:
(i) ∆EQ x values were measured for a set of coordinating ligands having no H-bond-forming groups (m ) 6-12) (Scheme 3). In particular, we explored the effect of ligand-solvent H-bond formation (Scheme 2) by systematically varying the nucleophilic character of the solvent molecules in the series s ) 1-4, as well as by using a nonpolar solvent such as toluene (s ) 5).
(ii) These ∆EQ x values were used as a single experimental observable to correlate with calculated fragmental chargetransfer values ( ∆N Lig NPA ) using the simple equation: 25 Where ∆N Lig NPA is the calculated fragmental charge transfer using the NPA atomic charge scheme for the fully optimized structures using HDFT methods, and R solv (eV/e -) and solv (eV) are the linear fit parameters ( Table 3 ). As noted, the values of the linear fit parameters, R solv and solv , depend on computational methodology, the level of theory, the basis set, and the atomic charge scheme. 25, 26 On the experimental side, these values depend on the solvent properties.
(IV) ∆EQ x values were measured for a set of coordinating ligands having functional groups capable of forming H-bond interactions in the various solvent systems (s ) 1-4).
(V) The H-bond-induced fragmental charge transfer to the metal center was derived using the following analysis. The predicted Q x band shift (∆EQ x pred ) for each H-bonding ligand in the absence of ligand-solvent interaction was derived using eq 2: , where m‚‚s represents ligand-solvent H-bond interaction included in the optimized structure and the subsequent charge analysis, for the set of ligand molecules capable of forming H-bond interactions. In this case, ∆Q residual values obtained by eq 3 should be close to zero (within experimental error limits), since the calculated system includes the additional H-bond interaction and subsequent fragmental charge transfer.
The method described here provides information that is not influenced by the intricate interactions in the bulk liquid, often encountered in the study of H-bonding solvents. Furthermore, the calibration procedure allows for the cancellation of systematic errors that may result from incomplete computational treatment of the electronic interactions as long as this incompleteness is consistent for the studied set of complexes. Using this molecular tool, we report here for the first time the direct experimental measurement of the amount of fragmental charge transferred to the transition metal center upon H-bond formation at the periphery of a conjugated ligand molecule. Remarkably, we are able to report accurate charge-density contributions in a solvent environment with no need for modifications such as crystallization or other perturbations that may alter the studied systems. Specifically, we find that the axial ligand's conjugated electronic system mediates the H-bond-induced charge transfer to the metal center. We show that separation of the H-bond donor group from the π system, via short alkyl chains (e.g., -CH 2 -, -CH 2 -CH 2 -), blocks the associated fragmental charge transfer. Collectively, our observations provide a quantification of the electronic effect of solvent H-bonding to metalbound ligands. Such interactions "fine-tune" the electronic density, with the potential to substantially modulate coordination properties and, therefore, the catalytic activity of metal centers.
Materials and Methods
Synthesis. Pyrobacteriopheophorbide (PyroBPheid). BChl a was isolated from RhodoVulum sulfidophilum by standard (8 2 ).
[ Spectroscopic Titrations. Absorption spectra were recorded on a CARY 5 UV-visible-NIR spectrophotometer. Typically, 2 mL of a 5 µM [Ni]-PyroBPheid-Me solution in dry solvent was placed in a 10 mm optical pathway quartz cuvette that was sealed with a Teflon-coated rubber septum. Ligands were injected through the septum with a gastight microliter syringe. Spectra at different ligand concentrations were recorded during each titration. Factor analysis was employed to resolve the spectroscopic components of non-, mono-, and bi-ligated species as previously described. 27, 35 Liquids were used as received (anhydrous), or dried over activated molecular sieves (Sigma) according to Burfield et al. 36, 37 Solid ligand molecules were of analytical grade from Aldrich, Sigma, and Acros Organics, and used as received in a freshly prepared solution.
Computational Methods. Metal Complexes. We have recently studied several computational methodologies for calculating [Ni]-BChl in various coordination states. 26 Based on our findings, we used the hybrid density functional (HDFT) B3P86 with the Stuttgart and Dresden (SDD) basis set for calculating structural and electronic properties for the nickel-containing complexes. The SDD basis set, with double-quality in the valence and "valence-1" shells, incorporates a single f function for Ni, and the double-valence basis set of Dunning on the first-and second-row atoms. The RECP for Ni contains the Darwin and mass-velocity contributions of Stuttgart and Dresden (Ni, (8s7p6d1f) f [6s5p3d1f]).
Here we study the electronic character of axially ligated chromophore ([Ni]-PyroBPheid-Me‚(m) n ) interacting with ligand molecules capable of forming specific H-bonds with the surrounding solvent molecules ([Ni]-PyroBPheid-Me‚(m‚‚s) n ) through functional groups at their periphery (Scheme 2). The detailed QM treatment of the large molecular system described here was made possible using the highly efficient RECP in combination with HDFT. Notably, RECPs have been found to be computationally very efficient and reliable approaches for handling relativistic effects, which must be accounted for in complexes involving nickel. 38 In particular, the combination of HDFT and RECP was found useful for evaluating differences between non-, mono-, and bi-axially ligated structures interacting with various solvent molecules. The conformational analyses of the molecular systems described here, including structural and orbital arrangements as well as property calculations, were carried out using a variety of computational techniques as implemented in GAUSSIAN03. 39 Each stationary point was uniquely characterized by calculating and diagonalizing the matrix of energy second derivatives (Hessian) to determine the number of imaginary frequencies (0 ) minima; 1 ) transition state). In cases where structures with multiple imaginary frequencies were located, the corresponding vibrational eigenvector modes were followed in order to locate the global minimum. Zero-point vibrational energy (ZPE) corrections, derived from the corresponding Hessian calculations, were included in all reported energetics.
As discussed in previous work, we employed the NPA atomic charge analysis method for charge analysis on optimized structures. 40 Ligand-SolVent Pairs (m‚‚s). The optimized structures and properties of ligand-solvent H-bond pairs (13‚‚1), (13‚‚2), (13‚‚3), (13‚‚4), (17‚‚1), (17‚‚2), (17‚‚3), (17‚‚4), (8‚‚3), and (18‚‚3) were calculated using HDFT techniques. 41 In particular, we employed Becke's three-parameter hybrid exchange functional 42 with the widely used Lee-Yang-Parr (LYP) gradientcorrected correlation functional. 43 The combination of this functional with augmented basis sets has been determined to provide a relatively accurate estimate for conventional H-bond interactions.
For all (m‚‚s) ligand-solvent pair calculations, the augmented correlation-consistent (aug-cc) basis sets were used (B3LYP/ aug-cc-pVDZ). The H-bond enthalpies include ZPE corrections and thermal enthalpy corrections derived from the Hessian analysis at the B3LYP/aug-cc-pVDZ level (∆H values, Table  2 ). Basis set superposition error (BSSE) was derived using the Boys-Bernardi counterpoise scheme. 44 Ionization potentials (IP) and electron affinities (EA) were calculated and used for obtaining the change in electronegativity (∆ ) and hardness (∆η) of the respective ligand-solvent pairs (m‚‚s) relative to the corresponding free ligand molecule (m). For the weak H-bond pairs, (8‚‚3) and (18‚‚3), a set of singlepoint computations employing second-order Møller-Plesset perturbation theory (MP2) at the same reference geometry was performed (MP2/aug-cc-pVDZ//B3LYP/aug-cc-pVDZ). The complexes calculated contain typically ∼100 atoms or more, including the nickel atom. As has been shown, the HDFT level of theory used (B3P86/SDD) accurately provides the electronic effects and trends of the systems studied. Although this level of theory would not be satisfactory for reporting absolute values of the H-bond energies, the method serves well for comparison of their relative values and energetics. For several of the weak interactions we show the effects of (MP2), a known improvement over HDFT. We are also currently investigating further the use of ongoing MP2 parallelization strategies of the computational chemistry package, GAMESS, for this purpose. For calculating the changes in H-bond energies and metalligand binding energies in this work, we considered the energetic differences between the non-ligated ligand-solvent pairs (m‚‚s), and the corresponding bond energies of the [Ni]-PyroBPheidMe‚(m‚‚s) n complexes. Thus, we consider only the calculated differences in H-bond and metal-ligand bond energies at the level of theory (B3P86/SDD) described in the Materials and Methods section. Table 4 .
Calculation of the Electronic Properties of (m‚‚s) LigandSolvent Complexes. Data from these calculations are shown in Table 2 .
Experimental Results
Fragmental Charge Transfer of Ligands with Various Solvent Molecules. Optical absorption spectra were resolved by applying factor analysis techniques to three spectroscopic components, corresponding to the absorption spectra of the non-, mono-, and bi-axially ligated complexes as previously described. 27, 35 ∆EQ x values obtained from the spectroscopic measurements with solvents 1-5 are presented in Table 4 (Table 3) for ligand molecules 6-12 for each solvent (where solv ) 1-5). Fits were performed for ligands having no H-bond accepting groups at the solvent environments for calibration. For ligand molecules with no H-bond donor groups, we observed uniform shifts reflected in variations of R solv and solv values for the entire data set while maintaining high correlation quality between ∆N Lig NPA and ∆EQ x values (R 2 values, Table 3 ). As such, the parameter fit fully accounts for the observed phenomenon. For ligand molecules 6-12 the ∆Q residual values are around zero, within experimental error limits (Figure 1a-g ) with the exception of small positive values for m ) 8, (Figure 1c ). For the a The calculated gas-phase H-bond enthalpies (∆H), changes in electronegativity (∆ ), and hardness (∆η) attributed to H-bond formation relative to the corresponding non-interacting ligand molecule are presented. The numbers in parentheses indicate the MP2/aug-cc-pVDZ// B3LYP/aug-cc-pVDZ calculated enthalpy for the weak (C-H‚‚‚OdC) H-bonds. a The number of data points used for each linear fit (n) and the standard deviation (STDV) from the best-fit values are given.
rest of the ligand molecules of the set m ) 6-12, ∆Q residual values do not indicate significant and consistent deviation throughout the studied solvents, which is potentially indicative of no specific interactions with the solvent molecules. In contrast, for ligand molecules such as 4-hydroxypyridine and imidazole, where there are H-bond interactions between the carbonyl groups of a solvent molecule and the H-bond donor group of the ligand, we observed a substantial red shift of the Q x band. These shifts strongly depend on the ligand molecule as well as on the solvent molecule involved. the ligand molecules and the CdO groups of the DMF solvent molecule is required, and was sufficient for obtaining quantitative agreement with the experimental data, yielding ∆Q residual values approaching zero, within error limits (Figures 3a,b, and  4a, respectively) . These results provide quantitative agreement of the experimentally measured and computationally derived fragmental charge-transfer values for the H-bond contributions. Namely, ∆Q residual values obtained for the complexes are consistent with the excess fragmental charge transfer because of specific H-bond interactions of the two ligand molecules with the surrounding solvent molecules. Introduction of an alkyl (-CH 2 -, and -CH 2 -CH 2 -) spacer between the -OH group and the ligand's π conjugated system (for m ) 15, 16, Figure  3c ,d, respectively) resulted in ∆Q residual values approaching zero. Hence, the communication between the H-bonding site and the metal center relies on electronic delocalization that is blocked by the introduction of even a single methyl group. These results show the fine details that can be obtained by the procedure demonstrated here, presenting a direct and accurate gauge for following the molecular details of fragmental charge transfer in a solvent environment, caused by metal-ligand coordination interactions, and other interactions such as H-bonds to the surrounding, with the end result involving charge-density transfer to the metal center. These findings clearly show that ∆Q residual is directly related to the fragmental charge transfer induced by the H-bond formation, ∆Q H-bond . Thus, the procedure presented here yields a quantitative measurement of fragmental charge-transfer quantities to the metal center induced by ligand-solvent interactions and mediated or blocked by the ligand electronic structure. The magnitudes of these values range from 0.005 to 0.008 e -per single H-bond (Table 4) , depending on the axial ligand and solvent, at the levels of theory considered. Notably, these values are comparable in magnitude to the differences obtained by comparing various parasubstituted pyridine derivatives (e.g., 0.006 e -per ligand molecule for 4-NMe 2 -pyridine vs 4-H-substituted pyridine). 26 In particular, the role of H-bond formation by the free N-H group of axially ligated imidazole (17) on the coordinated metal electron density and reactivity is highly relevant in many biological systems where histidines are found in the coordination sphere and often interact with additional ligands via H-bond formation. The electronic effects induced by such H-bond interactions to metal-bound ligands may have important consequences for understanding the reactivity of metalloenzymes and redox proteins, where amino acids with H-bond acceptor or donor functionality, such as histidine, cysteine, and tyrosine, are widely found. We found relatively large ∆Q residual values, as compared to other H-bond interactions studied here, for the Our findings are in line with previous studies which found that H-bond formation to coordinated imidazole ligands plays an important role in the control of reactivity, ligand binding affinity, redox potentials, and electron-transfer rates. 45 The data shown here clarifies some of the mechanistic and molecular details involved in protein active site reactivity control by the H-bond-induced fragmental charge transfer. Such mechanisms may be valuable in the design and understanding of catalysis, since H-bond formation and breakage requires moderate investments of free energy, yet results in electronic effects that are comparable to covalent modification of the ligands. Furthermore, since the H-bond formation occurs in the second coordination shell, structural reorganization of the metal's coordination sphere is minimal, resulting in low-energy changes that may be involved.
Fragmental Charge Transfer of Ligands Possessing HBond Donor (O-H) with Various
Interestingly, the amount of fragmental charge transfer because of the N-H‚‚‚OdC interactions for the imidazole (17) is substantially larger, compared with the 3-and 4-hydroxypyridines (13, 14) . This result is counter to the order of calculated H-bond energies (Table 2) . However, this phenomenon may be explained by the fact that, in the case of imidazole, the N-H group is part of the ligand heterocycle, allowing direct electronic communication of the fragmental charge transfer. In the hydroxypyridines, the -OH group is attached to the heterocycle as a pendant group. This interpretation is consistent with the results for [Ni]-PyroBPheid-Me‚(15) 2 and [Ni]-PyroBPheid-Me‚(16) 2 , where the addition of one or two -CH 2 -group(s) is sufficient to block the fragmental charge transfer from the H-bond through the ligand electronic system to the metal center. Thus, the amount of H-bond-induced fragmental charge transfer is not necessarily correlated with the bond energy but, rather, with the electronic details of the fragmental charge-transfer pathway. The sensitivity and selectivity of the experimental procedure presented here enables the measurement of electronic contributions because of weak interactions in the solution phase, as demonstrated here for weak H-bonds. We studied the effect of replacing the N-H group of imidazole with the N-CH 3 group in 1-methylimidazole ([Ni]-PyroBPheid-Me‚ (18) n , Figure 3b) . In this case, we found that the ∆Q residual values are smaller than in the imidazole (m ) 17) case. However, these values are substantially and consistently positive for the various solvents investigated, ranging between 0.005 and 0.007 e -per H-bond interaction. When the calculation explicitly includes a weak H-bond interaction of the type N-CH 3 ‚‚‚OdC between the two 1-methylimidazole ligand molecules and the carbonyl group of two DMF solvent molecule, the ∆Q residual value is decreased considerably, from 0.011 to 0.006 e -. Thus, after including the weak H-bond interaction between axially ligated 1-methylimidazole molecules (18) and the DMF solvent molecules, we still find an underestimation on the order of 0.003 e -per H-bond interaction of the calculated fragmental charge transfer compared with the experimental data. This may result from the difficulty to accurately account for such weak interactions by HDFT methods, such as those presented by the relatively weak N-CH 3 ‚‚‚OdC H-bond. Hence, the underestimated residual values may be attributed to the deficiency in HDFT methods for accounting for the dispersion interaction component typical for weak interactions. In particular, it was shown that HDFT methods fail to accurately describe weakly bound clusters and weak H-bonds. [46] [47] [48] The data presented in Table 2 for the weak H-bond pairs (8‚‚3) and (18‚‚3) support this finding, where the HDFT calculation yield substantially underestimated bond enthalpies compared to the MP2 values, by 5.3 and 7.1 kJ/mol, respectively. Interestingly, we also obtained a positive ∆Q residual value of 0.0025 e -per ligand for 3,5-methyl pyridine ([Ni]-PyroBPheid-Me‚(8) 2 , Figure 1c ). This deviation is accounted for computationally by including two DMF molecules that form a weak H-bond interaction with the two ligands via the ligand's C-H group at the para position. This finding is consistent with the calculation for the (8‚‚3) pair, predicting a slightly negative H-bond enthalpy ( Table 2) . The H-bond enthalpy is further enhanced in the solvent-ligand metal-bound pair, as found by comparing interaction energies (∆∆E HB , Table 1 ) for the (8‚‚3) and [Ni]-PyroBPheid-Me‚(8‚‚3) n complexes, by 5.4 and 2.1 kJ/mol for n ) 1,2, respectively. Thus, we find various cases where the amount of fragmental charge transfer induced by a weak C-H‚‚‚OdC H-bond can be measured. Although the absolute value is found to be smaller than that associated with conventional H-bonds, the value is the same order of magnitude and, more importantly, results in profound effects regarding the electronic structure of the ligand molecule.
Concluding Remarks
We have introduced a spectroscopic tool for direct experimental measurement of fragmental charge transfer to transition metal center induced by H-bond interactions. The approach presented here was shown to provide the means for accurate measurement of charge density contributions induced by Hbonds in a solvent environment without introducing modifications that may affect the studied systems. Furthermore, the meticulous study of molecular details involved in the communication of chemical information from second-shell interactions to the metal center was demonstrated. Our results highlight the particular role of second-shell interactions often found in metalloenzymes in tuning their catalytic reactivity, as found independently in many biological systems. Collectively, our findings demonstrate a substantial modulation of the ligand electronic structure and metal charge density due to ligandsolvent H-bond interactions. The picture revealed here indicates that solvent molecules involved in H-bond interactions may have a significant impact on charge density at the metal center. As such, H-bond interactions, commonly found between the first and second coordination spheres of metal centers in biological systems, are highly significant in fine-tuning the ligand as well as the metal electronic properties. Histidines, widely found in various metalloenzyme catalytic sites, appear to be highly optimized ligands for structuring a versatile metal coordination sphere as well as introducing an efficient and flexible handle via H-bond formation to the ligand -NH group, as demonstrated for imidazole. Such interactions, either with water, substrate molecules, or the amino acids of a protein, may result in substantial modulation of charge density at the metal center during the catalytic activity. In particular, attention should be given to the presence of water molecules that may impose significant electronic effects on the catalytic metal center by forming specific H-bond interactions. Finally, our data show that weak interactions, such as C-H‚‚‚OdC H-bonds, may have a significant impact on the ligand as well as on the metal electronic structure and charge density. Although these interactions are weak in terms of free energy, their impact on charge density is in the same range as found for conventional H-bonds. The combined experimental and computational scheme presented here is expected to offer molecular tools capable of providing quantitative data on the extent of fragmental charge transfer in versatile chemical systems' interactions.
